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1. INTRODUCTION 
Under Contract NASS-9529 f o r  NASA's Goddard Space F l igh t  Cen te r ,  
a series of experiments has been conducted to quali tatively de te rmine  the  
surv iva l  of  e ight  spec ies  of  microorganisms to shock wave exposure and 
subsequent cryogenic whole a i r  sampling. The results of  these experiments  
are t o  be a p p l i e d  i n  t h e  d e s i g n  of systems to be used  for  sampl ing  the  
mic rob ia l  con ten t  of the upper atmosphere. 
The e ight  microorganisms chosen  for  these  exper iments  are 
Cladosporium resinae,  Aspergi l lus  niger ,  Penici l l ium notatum, Bacillus 
g lobig i i ,  Ser ra t ia  marcescens ,  Clos t r id ium pas teur ianum,  Nocard ia  
a s t e r o i d e s ,  and Streptomyces gr iseus.  Several  basic . cons ide ra t ions  were 
made in  se l ec t ing  these  mic roorgan i sms .  The first was t o  i n c l u d e  micro- 
organisms which are known t o  v a r y  i n  t h e i r  ab i l i t y  t o  s u r v i v e  h i g h e r  
tempera tures .   In   genera l ,   spores  are more r e s i s t a n t  t o  h e a t  t h a n  
vegetative  forms.  Second,  microorganisms  which  vary i n  t h e i r  oxygen 
requirements  for  metabolism were inc luded  in  the  se l ec t ion .  Aerobes ,  
anaerobes,  and microorganisms indifferent  to  the presence of molecular 
oxygen were s e l e c t e d .  V a r i a t i o n s  i n  t h e  s i z e  of the microorganisms was 
a t h i r d  c o n s i d e r a t i o n  as t h e  p r o p a g a t i o n  o f  t h e  p a r t i c l e  i n  a shock wave 
c o u l d  v a r y  w i t h  t h e  s i z e  of t h e  p a r t i c l e .  A f o u r t h  c o n s i d e r a t i o n  was t o  
choose microorganisms producing different  colored growth,  thus faci l i ta t -  
i n g  a c c u r a t e  i d e n t i f i c a t i o n .  F i f t h ,  a l l  t h e  m i c r o o r g a n i s m  s e l e c t e d  were 
nonpa thogens ,  t he re fo re ,  e l imina t ing  the  need  fo r  spec ia l  p recau t ions .  
sub jec t ed  
c o l l e c t o r  
The phys ica l  condi t ions  to  which  these  microorganisms were 
were chosen from those suggested by t h e  d e s i g n  of  an exis t ing 
system' to  be  used  in  sampl ing  the  dus t  con ten t  o f  t he  uppe r  
1 
atmosphere.  This system u t i l i z e s  a low-temperature (4OK-3OoK) metal 
surface which a t  high speeds condenses a l l  t h e  a i r  i n  its path.  From 
t h i s  it was assumed t h a t  s u c c e s s f u l  c o l l e c t i o n  o f  m i c r o o r g a n i s m s  i n  t h e  
upper atmosphere would be dependent upon the ab i l i t y  of the microorganism 
t o  s u r v i v e :  
( a )  n e a r  vacuum in  the  upper  a tmosphere  
(b)  rap id  hea t ing  in  passage  through the  shock  wave generated 
by the  sampl ing  vehic le  
(c)  high speed impact ion on the metal s u r f a c e  
( d )  r a p i d  c o o l i n g  t o  a few degrees  K 
( e )  rewarming t o  room temperature  and subsequent  s torage for  
a per iod of  time 
2 
2. EXPERIMENTAL  PROCEDURES 
2.1 Preparation  of Microorganisms 
2.1.1 Puri ty .  Table 1 lists the   spec ies   o f   microorganisms  e lec ted  
f o r  s t u d y  and t h e  c h a r a c t e r i s t i c s  f o r  e a c h  s p e c i e s .  A l l  e i g h t  s p e c i e s  
were obtained from American-Type Culture Collect ion.  Upon arrival i n  
our l a b o r a t o r y  e a c h  c u l t u r e  was checked f o r  p u r i t y  u s i n g  the standard 
a g a r  s t r e a k  p l a t e  a n d  d i l u t i o n  p l a t e  method.  The  growth  media  used were: 
( a )   Sabouraud   dex t rose   aga r   fo r   cu l tu re s  99, 100, and 226. 
(b)  Try-ptose  glucose yeast extract  (TGY) a g a r  f o r  c u l t u r e s  
152, 232, and 178. 
( c )   Anae rob ic   aga r   fo r   cu l tu re  215. 
The culture media,  obtained from Baltimore Biological Laboratory,  Inc. ,  
were p repa red  and  s t e r i l i zed  acco rd ing  to  the  d i r ec t ions  on t h e  l a b e l  
except  in  the case of  Sabouraud dextrose agar  where the agar  content  was 
increased from 1.5% t o  3.0%. Because  of t h e  f i n a l  a c i d  pH of t h i s  medium 
(5.6), 1.5% agar  conten t  was n o t  s u f f i c i e n t  t o  g i v e  a d e s i r a b l y  firm 
surface. The s t r e a k  p l a t e s  were incubated a t  28OC and observed dai ly  
f o r  t h e  appearance  of   discrete   colony  formation.  A l l  cul tures  were  
incuba ted  ae rob ica l ly  excep t  C. pasteurianum which was incubated 
a n a e r o b i c a l l y  i n  a nitrogen gas environment.  
- 
Stock  cu l tu re s  were prepared by t r a n s f e r r i n g  i n d i v i d u a l  c o l o n i e s  
f r o m  t h e  s t r e a k  p l a t e s  t o  s c r e w - c a p  t u b e  a g a r  s l a n t s  of t h e  a p p r o p r i a t e  
media.   These  stock  cultures were used  for  subsequent  inocula t ions .  
2.1.2 Lyophilization.  Each  species  of microorganism was t e s t e d   f o r  
i t s  a b i l i t y  t o  su rv ive  the  p rocess  o f  l yoph i l i za t ion  f rom a water suspen- 
s ion .   Sc rew-cap   t ube   aga r   s l an t   cu l tu re s  were used.   For   cul tures  152, 
3 
I -  
TABJIE 1 
Characteristics of Selected Microorganisms 
- 
Approximate 
Species  Melpar  Spore  Size Oxygen Color of 
Culture  No. (microns 1 Reauirement  Growth
Cladosporium 
r e s i n a e  99 (ovoid)  Aerobic Brown 
h by 10 
A s p e r g i l l u s   ( s p h e r i c a l )  
n i g e r  100 9 - 18 Aerobic  Black 
Pen ic i l l i um ( s p h e r i c a l )  
'not  atum 233 6 - 12 Aerobic  Green 
Bac i l lu s   (ovo id )  
g l o b i g i i  152 0.7 by 1.3 F a c u l t a t i v e  Orange-Brown 
S e r r a t i a  
marcescens 232 none F a c u l t a t i v e  Red 
Clos t r id ium  (ovoid)  
pasteurianum 215 1.5 by 2.0 Anaerpbic Cream 
Nocardia 
a s t o r o i d e s  226 none Aerobic B r i g h t  Orange 
S t r ep tomyces   ( e l l i p so ida l )  
Rrieeus 17 8 0.8 by 1.7 Aerobic  White 
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232,  and  215,  72-hour  growth was used and f o r  c u l t u r e s  99,  100, 233,  226, 
and 178, 10-day growth was used. Water suspensions of the microorganisms 
of each  spec ies  were prepared  by  washing  the  agar  s lan t  cu l ture  wi th  5 ml 
of s te r i le  d i s t i l l e d  water. One milliliter of the water su'spension was 
used f o r  d u p l i c a t e  p r e l y o p h i l i z a t i o n  p la te  d i lu t ion  coun t s .  
One milliliter o f  the  water suspension was in t roduczd  in t c  a 
s te r i le  10-ml v i a l  f o r  l y o p h i l i z a t i o n .  D u p l i c a t e  v i a l s  w e r e  s h e l l  f r o z e n  
using an acetone-dry i ce  slurry. These  cu l tures  were  lyophi l ized  under  
0.03 T o r r  p r e s s u r e  a t  -5s°C. One day a f t e r  l y o p h i l i z a t i o n ,  t h e  v i a l s  
were opened  and 2.0 ml of s t e r i l e  d i s t i l l e d  water vas a d d e d  t o  each. 
One m i l . l i l i t e r  o f  the  suspens ion  f rom each  v ia l  was removed and p la te  
d i lu t ion  counts  were  made. 
Because t h e  v i a l s  of lyophilized microorganisms would be  s tored  
a t  room t empera tu re  fo r  a per iod  of  time b e f o r e  t h e y  would be opened and 
s u b j e c t e d  t o  s h o c k  wave temperature,  t h e  a b i l i t y  of t h e  l y o p h i l i z e d  
microorganisms t o  s u r v i v e  room temperature s t o r a g e  f o r  32 days was t e s t e d .  
2.1.3 Mass Cu l t iva t ion .   Af t e r   demons t r a t ing   t ha t  all spec ie s  
su rv ived  lyoph i l i za t ion ,  l a rge  ba t ches  o f  each  cu l tu re  were  p repa red .  
S ix teen-ounce  screw-cap  prescr ip t ion  bot t les  were u s e d  t o  c u l t i v a t e  t h e  
organisms. Each bottle when l y i n g  on t h e  f l a t  s ide  main ta ined  the  
a p p r o p r i a t e  ,$-inch depth of  agar  medium. Ten b o t t l e s  o f  e a c h  c u l t u r e  
were p r e p a r e d .  S t o c k  t u b e  a g a r  s l a n t  c u l t u r e s  were used as the  inocula .  
A l l  t h e  cu l tures   were   incubated  a t  2 8 O C .  Cu l tu re s  152, 232,  and 215 were 
p e r m i t t e d  t o  i n c u b a t e  f o r  72 hours  before  harvest ing and c u l t u r e s  9 9 ,  
100, 233,  226,  and 178 f o r  ten   days   before   harves t ing .  Distilled-water 
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suspensions of each  spec ies  were prepared. Care was e x e r c i s e d  n o t  t o  
include chunks of growth to insure uniform suspensions of organisms and 
n o t  t o  d i s s o l v e  a n y  o f  t h e  medium in  the  suspens ion  because  a p r o t e i n  
c a r r i e r  was unwanted. 
2.1.4 Sample  Preparat ion.   The  preparat ion of v ia l s  of l y o p h i l i z e d  
pure-cul ture  and mixed-culture samples was e s s e n t i a l l y  t h e  same as 
d e s c r i b e d  i n  s e c t i o n  2.1.2. A t o t a l  of 48 v i a l s  of mixed c u l t u r e s  and a 
t o t a l  of 90 v i a l s  of  p u r e  c u l t u r e s  (10 vials of each of t h e  e i g h t  s p e c i e s )  
were prepared. Each pure-culture v i a l  contained 1.0 m l  o f  the  harves ted  
water suspension and each mixed-culture v i a l  contained 0.1 m l  of each of 
t h e  e i g h t  s p e c i e s .  
Agar p l a t e  d i lu t ion  coun t s  o f  each  cu l tu re  suspens ion  were 
made b e f o r e  and a f t e r  t h e  l y o p h i l i z a t i o n  t r e a t m e n t ,  as d e s c r i b e d  i n  
s e c t i o n  2.1.2. 
2.2  Environmental Tests 
Before  subjec t ing  the  microorganism samples  to  the  ac tua l  
cond i t ions  of t h e  shock tube experiments, it was n e c e s s a r y  t o  p r e - t e s t  
t h e  s u r v i v a l  of the  microorganisms to  the  20°K temperature of t h e  c o l l e c -  
t o r  and t o  the subsequent warming  of the  low-temperature  sample.   In 
doing t h i s ,  t h e  immersion time r e q u i r e d  f o r  t h e  m i c r o o r g a n i s m s  t o  a t t a i n  
t h e  20°K temperature  and secondly ,  the  time r e q u i r e d  t o  warm the micro- 
organism to  room temperature were determined. 
2.. 2.1 Immersion Time. To determine  the  required  immersion time, a 
thermocouple was i n s e r t e d  i n  a t e s t  v i a l  c o n t a i n i n g  t h e  l y o p h i l i z e d  
microorganisms. T h i s  v i a l  was evacuated and  sea led   (F igure  1) and then  
6 
EPOXY 
P 
SEAL 
GLASS SEAL 
\ 
LYOPHILIZED MICROORGANISMS 
Figure 1. Evacuated Vial Containing Lyophilized Microorganisms 
and Thermocouple 
/ VACUUM INSULATED FLEXIBLE TRANSFER HOSE / 
VACUUM INSULATED 
TUBE, 3i8" O.D. 
LIQUID HYDROGEN 
GROUNDING WIRE' 
J 
J 
WOOD 
HANDLE 
- 2  LITER OPEN TOP DEWAR 
/QUARTZ ROD 
AMPULE WIRED TO 
Figure 2. Immersion of Vials in Liquid Hydrogen 
7 
I .  
. . . . . - . . .. . . . . .- " 
immersed i n  l i q u i d  n i t r o g e n .  L i q u i d  n i t r o g e n  was u s e d  r a t h e r  t h a n  
l i q u i d  hydrogen because of  the  hazard  of  a hydrogen-air   mixture.   Taking 
t h e  a v e r a g e  of t h r e e  t r i a l s ,  a time and tem?erature r e l a t i o n s h i p  curve 
was determined.  The time and tempera ture  re la t ionship  curve f o r  l i q u i d -  
hydrogen immersion was approximated by extending  the  observed  exponent ia l  
l i qu id -n i t rogen  curve t o  t h e  b o i l i n g  p o i n t  o f  l i q u i d  hydrogen. 
2.2.2  Warming Time.  The l e n g t h   o f  time requ i r ed  f o r  r a p i d  warming 
and f o r  s l o w  warming t o  room tempera ture  were de te rmined  in  a similar 
manner. Rapid  warming en ta i l ed  the  immers ion  o f  t h e  v i a l ,  immediately 
a f t e r  removal from t h e  l i q u i d  n i t r o g e n ,  i n t o  a ga l lon  of  water a t  25OC. 
Slow warming was accomplished by a l lowing  the  v i a l  t o  s t a n d  a t  room 
t e m p e r a t u r e  f o r  30 minu tes  a f t e r  r emova l  f rom the  l i qu id  n i t rogen .  
2.2.3 Freeze  Tests. Because a hydrogen-air   mixture  is dangerously 
e x p l o s i v e ,   t h i s   o p e r a t i o n  was performed  outdoorso A 1SO-liter (23.5 
pounds of l iquid hydrogen)  AIRCO ARHC l iquid-hydrogen container  was used 
as  the  source  of   supply.  A &foot  f lex ib le  vacuum-insulated  hose  was 
used t o  t r a n s f e r  t h e  l i q u i d  hydrogen t o  a 2 l i t e r  open-top Dewar. The 
e n t i r e  system (Figure 2)  was e a r t h  g r o u n d e d  t o  p r e v e n t  t h e  p o s s i b i l i t y  
of s t a t i c  e n e r g y  i g n i t i n g  a H2-air  mixture. The withdrawal  hose  and  dip 
tube  were f lushed with hel ium and a p o s i t i v e  p r e s s u r e  was maintained before  
a t t a c h m e n t  t o  t h e  w i t h d r a w a l  f i t t i n g .  The Dewar was a l s o  f l u s h e d  w i t h  
helium. L i q u i d  hydrogen was t h e n  p e r m i t t e d  t o  f l o w  i n t o  t h e  Dewar so  
t h a t  it was maintained a t  f u l l  c a p a c i t y .  A t o t a l  o f  four  pure-cul-Lure 
v i a l s  of each of t h e  e i g h t  s p e c i e s  were immersed i n  t h e  l i q u i d  hydrogen 
f o r  12 t o  15 minutes. Two o f  t he  pu re -cu l tu re  v i a l s  of each  spec ies  were 
warmed r a p i d l y  and two were warmed slowly. 
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2.3 Shock Tube Experiments 
203.1 Shock Tube Constzuction. A photograph  of the  shock  tube 
f a c i l i t y  c o n s t r u c t e d  f o r  t h i s  p r o g r a m  is shown i n  F i g u r e  3. The shock 
wave t u b e  was made from 2.5-inch I. D. aluminum tubing with I . /J~- inch wall 
tb ickness .  The  d r i v e r   s e c t i o n  was a s i n g l e   t u b e  f e e t  i n   l e n g t h .  The 
t e s t  s e c t i o n '  c o n s i s t e d  o f  t e n  p i e c e s  o f  t u b i n g ,  each one-foct loq: t o  
f a c i l i t a t e  i n s t r u m e n t a t i o n  o f  t h e  t u b e  as well as t o  p e r m i t  i n s e r t i o n  o f  
t h e  microorEanism sample a t  va r ious  d i s t ances  f rom the  end  of the tube. 
The tube  ended i n  an evacuated dump tank ,  1 2  inches  in  d i ame te r  and  
2- fee t  long ,  in  which  the  shock  wave is  d i s s i p a t e d  by expansion. 'The 
dump tank  was connected d i rec t ly  t o  a L- inch  d i f fus ion  pum2, so t,hxt it 
was r e a d i l y  pumped below 10-3 Torr ,  the  lower  limit of the gauge used. 
Flanges grooved for  0 r i n g s  were w e l d e d  t o  the  ends  o f  a l l  t h e  P i p e  
s e c t i o n s  and t h e  dump t a n k  t o  permit easy assembly and disassenlbly. A 
l iquid-hydrogen Dewar mounted i n  t h e  dump tank held a A i l l i p o r e  f i l t e r  
f a c i n g  t h e  o u t l e t  o f  the  shock  tube ,  s o  tha t  the  organisms car r ied  by t h e  
shock wave could impact on the cold f i l t e r  surface.  
The main diaphragm separat ing the dr iver  gas  f rom the t e s t  
s e c t i o n  was clamped i n  a r i n g  between t h e  two mating f langes and s e a l e d  
by a n o t h e r  0 , r i n g .  A shim-brass  disk of  three-mil l imeters  thickness  .was 
found t o  make a good diaphragm f o r  t h e  1300 'Torr p re s su re  d i f f e rence .  
The d i s k s  were s c o r e d  t o  a d e p t h  s u c h  t h a t  t h e y  would b u r s t  
spontaneously a t  a p r e s s u r e  d i f f e r e n c e  o f  1600 t o  2000 Torr. A t  1300 
Torr t h e  d i s k s  would break  and open c l e a n l y  when s t r u c k  by t h e  s p r i n g -  
d r i v e n  p l u n g e r .  - h e n  t h e  u s u a l  f o u r - f o l d  s c o r i n g  p a t L e r n  was used t o  
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Figure 3. Shock Tube Facility 
create a f o u r - p e t a l  o p e n i n g  i n  t h e  d i s k ,  it was found t h a t  o f t e n  o n l y  
two p e t a l s  opened, giving a considerably reduced shock speed. Use of a 
th ree - fo ld  sco r ing  pa t t e rn  e l imina ted  th i s  p rob lem and gave very good 
r e p r o d u c i b i l i t y  i n  t h e  o p e n i n g  p a t t e r n  and hence reproducible shock speed 
f o r  a s p e c i f i e d  p r e s s u r e  r a t i o .  The sco r ing  cu t  i n  the  d i aphragm brass 
was made by a spr ing- loaded  g lass -cu t te r  wheel  ad jus ted  to  the  proper  
c u t t i n g  f o r c e .  The c u t t e r  was simply a t t a c h e d  t o  a wooden block  which 
was run along a g u i d e  t o  p r o d u c e  t h e  t h r e e  r a d i a l  s c o r e  l i n e s  i n  t h e  d i s k .  
A t h i n  c o l l o d i o n  o r  n i t r o c e l l u l o s e  l a c q u e r  membrane, es t imated 
t o  be from 1-5 microns thick,  was used  to  sepa ra t e  the  evacua ted  dump 
tank  f rom the  t es t  s e c t i o n  o f  t h e  t u b e  c o n t a i n i n g  a i r  a t  a p r e s s u r e  of  
2.5 Torr. A similar bu t  even  th inne r  membrane was used t o  h o l d  t h e  
microorganisms i n  t h e  p a t h  o f  t h e  s h o c k  a t  t h e  d e s i r e d  l o c a t i o n  i n  t h e  
t e s t  sect ion.  Both membranes were mounted  on  aluminum r ings which were 
sea l ed  wi th  0 r ings  be tween the  tube  sec t ion  f langes .  No measurement 
was made of t h e  amount of  shock  a t tenuat ion  upon i n t e r a c t i o n  w i t h  t h e s e  
membranes s i n c e  it has  been  demons t r a t ed  tha t  t he i r  e f f ec t  on the shock 
s t r e n g t h  i s  n e g l i g i b l y  smalL2 
A diagram of the  shock  tube  and  pumping system i s  shown i n  
F igu re  4. The s e c t i o n s  o f  t h e  t u b e  s e p a r a t e d  by the diaphragm and 
membranes were connected t o  a common pumping l i n e  so  t h a t  a l l  s e c t i o n s  
might be evacuated   s imul taneous ly   to  a p r e s s u r e  of about 2 x Torr. 
The  pumping connections could then be closed o f f ,  and e a c h  s e c t i o n  f i l l e d  
appropr i a t e ly .  I n  the presen t  expe r imen t s , ,  t he  d r ive r  s ec t ion  was f i l l e d  
wi th  helium dr i ed  i n  a l i q u i d - n i t r o g e n  trap, whiIo t h e  test  s e c t i o n  wae 
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f i l l e d  w i t h  room a i r  d r i e d  i n  a l iquid-oxygen cooled t rap.  A Wallace 
and T i e r n a n  d i a l  manometer of t h e  a p p r o p r i a t e  p r e s s u r e  r a n g e  was connected 
t o  e a c h  of t h e s e  two s e c t i o n s  t o  p r o v i d e  a c c u r a t e  measurement of t h e  
i n i t i a l   p r e s s u r e s  
The shock wave i n t e n s i t y  may be rough ly  p red ic t ed  f rom the  gas  
tempera ture ,  composi t ion ,  and  pressure  ra t io  ::cross t h e  dia;'.lra&?m bet'ore 
bu r s t ing ,  bu t  t he  u l t ima te  check  on i t s  i n t e n s i t . y  is an  actual  masurcment  
of the shock speed.  This  was done by a s e rhs  or-' t e n  h e a t - t r a n s f e r  
gauges of convent iona l  des ign ,  mounted f l u s h  w i t h  the i n s i d e  wa1.l of Lhe 
tube  a t  one - foo t  i n t e rva l s  f rom the  d i aphragm to  the  dump tank.  Each 
gauge consis ted of  a s m a l l  s t r i p  of LYIylar tape  about  1 / 2  mm by 5 nun w i t h  
an evapora ted   go ld   coa t ing   of   about  20- t o  5O-ohms res i . s tance .  'The t h i n  
gold f i l m  a c t s  as a res is tance thermometer  of  extyemely s h o r t  time 
cons tan t  . 
A schematic of t h e  s h o c k  t u b e  i n s t r u m n t a t i o n  o f  t h e  h e a t  
t r a n s f e r  g a u g e s  i s  shown i n  F i g u r e  5. An osc i l l o scope  d r iven  by a 2-KC 
function generator provided an unbroken sweep of several mi l l i s econds  
du ra t ion  a t  a ra te  o f  25 psec/cm, with marker pulses f rom the  time-mark 
gene ra to r  every 50 psec.  The osc i l l o scope  t race was t r i g g e r e d  by t h e  
d ischarpe  of a c a p a c i t o r  when the  d i aphrapn  b reake r  need le  touched  the  
diaphragm. As the  shock  wave  passed  each  heat  transfer  gauge, a s t e p -  
func t ion  s igna l  appea red  on t h e  o s c i l l o s c o p e  t race,  s o  t h e  time of a r r iva l  
of  the shock could be measured t o  w i t h i n  a few microseconds.  Thus,  over a 
d i s t a n c e  of several feet ,  the shock wave speed could be measured t o  a n  
accuracy  of better than  1%. The reproduct ion  of  a typical  o s c i l l o s c o p e  
t race  i s  shown i n  F i g u r e  6. 
Figure 6. Oscilloscope Record of Shock Velocity 
The temperature o f  t he  o rgan i sm co l l ec to r  was monitored with a 
copper VS. 2.11 a tomic  percent   cobal t - in-gold  thernocouple .   This  
thermocouple has a d i f f e r e n t i a l  o u t p u t  o f  16 microvol t s  per  degree  a t  
20°K and was u s e d  w i t h  a p o t e n t i o m e t e r  s e n s i t i v e  t o  a few microvol t s ,  so  
t h a t  a temperature d r i f t  of one degree could be de tec t ed  r ead i ly .  The 
temperature  of t h e  Dewar was t a k e n  as 20°K when the  the rmocoup le  po ten t i a l  
remained steady and the Dewar con ta ined  l i qu id  hydrogen. 
2.3.2 Shock Tube Calcula t ions .  The  shocked gas temperature   and  the 
con tac t  time of  the  microorganisms in  the  hea ted  gas  were ca l cu la t ed  f rom 
t h e  ideal  shock wave equa t ions  us ing  t h e  measured shock v e l o c i t y  from t h e  
hea t  t r ans fe r  pauges  and  the  in i t i a l  t empera tu re ,  spec i f i c  hea t s ,  and 
sound v e l o c i t y  of t he   expe r imen ta l   gas  The Mach number  of t h e  
shock, M1, i s  s i m p l y  t h e  r a t i o  o f  t h e  shock  ve loc i ty  to  the  ve loc i ty  o f  
sound i n  t h e  gas:  
where V1 = v e l o c i t y  o f  shock 
a = speed of  sound 
T h i s  q u a n t i t y  was de te rmined  expe r imen ta l ly  f rom the  osc i l l o scope  r eco rd  
or" t h e  h e a t  t r a n s f e r  g a u g e s .  The c a l c u l a t i o n  of t h e  temperature of t h e  
shock-heated a i r  was ca lcu la ted  f rom the  exper imenta l ly  de te rmined  Mach 
number u s i n g  t h e  f o l l o w i n g  e q u a t i o n  
where T2 = 
TI = 
Y =  
The shock front  will t ravel  a t  a 
temperature  of shocked gas 
i n i t i a l  temperature 
r a t i o  o f  specific hea t s ,  Cp/+ 
h i g h e r  s p e e d  r e l a t i v e  t o  t h e  t u b e  t h a n  
the shocked gas and i n  o r d e r  t o  d e t e r m i n e  t h e  c o n t a c t  time of  the samples  
i n  t h e  h e a t e d  g a s  it is  n e c e s s a r y  t o  c a l c u l a t e  t h e  g a s  v e l o c i t y .  The 
t o t a l  t ravel  d i s t ance  d iv ided  by t h e  g a s  v e l o c i t y  w i l l  y i e l d  tne exposure 
time of  the sample,  The gas v e l o c i t y ,  U, was ca lcu la ted  f rom t h e  
fol lowing equat ion 
The temperatures  and g a s  v e l o c i t i e s  c a n  b e  r e i i a b l y  c a l c u l a t e d  f r o m . t h e s e  
equa t ions  if the  f ina l  tempera ture  does  not  exceed  approximate ly  20CXJ°K. 
Th i s  i s  t r u e   f o r  our experiments. 
2.3..3 Sample I n j e c t i o n .  The shock  tube was o r i g i n a l l y   b u i l t   w i t h  a 
microorganism sample injector  mechanism designed to  take an extremely 
f i n e  powdered sample and aerosolize it with a ve ry  low p r e s s u r e  f o r c e  of 
gas .  This  sample injector  was used i n  t h e  f i rs t  tes t  run ,  bu t  the  
ma jo r i ty  of the sample was t o o  c o a r s e  and  remained i n  t h e  i n j e c t o r ,  The 
samples upon r emova l  f rom the i r  evacua ted  g l a s s  s to rage  v i a l s  were i n  
t h e  f o r m  o f  l o o s e  f l a k e y  p a r t i c l e s  of s i z e s  up t o  a millimeter o r  a l i t t l e  
more,  Attempts to  gr ind  the  samples  only  produced  much more t i g h t l y  
packed  clumps,  and it was found tha t  t he  sam9les  cou ld  no t  be  easily 
s i f t e d .  
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Another method of sample i n t r o d u c t i o n  was adopted f o r  t h e  rest 
of t h e  runs. The  samples were s p r i n k l e d  d i r e c t l y  f r o m  t h e  vials onto a 
t h i n  c o l l o d i o n  membrane which was t h e n  p l a c e d  a c r o s s  t h e  t u b e  i n  t h e  p a t h  
of t he  shock-  Wi th  th i s  method, t h e  i n d i v i d u a l  p a r t i c l e s  c o l l e c t e d  were 
t o o  small t o  be seen by the unaided eye, so  the  sample  appeared  to  be  
adequa te ly  ae roso l i zed  by t h e  shock. 
2 .3 -4  Shock  Tube S t e r i l i z a t i o n .   S t e r i l i z a t i o n  of the en t i r e   shock  
tube  would p r e s e n t  a considerable problem. However, a l l  t h a t  i s  r e q u i r e d  
is t h e .  a s s u r a n c e  t h a t  t h e  c o l l e c t o r  f i l t e r  will not be contaminated by 
organisms l e f t  i n  t h e  t u b e  f r o m  p r e v i o u s  rims. The contaminat ion of  the 
t u b e  was checked by blank runs i n  which no organisms were added t o  t h e  
tube.  These blank runs followed immediately a f t e r  an organism-loaded 
run with no attempt t o  c l e a n  t h e  t u b e  i n  t h e . i n t e r i m .  V i a b i l i t y  c o u n t s  
on t h e  c o l l e c t i o n  f i l t e r  showed on ly  a few viable  organisms.  Hence,  no 
attempt was made t o  c l e a n  t h e  t u b e  between runs, o t h e r  t h a n  by t he  
c leaning  ac t ion  of  the  shocks  themselves .  However, one  or  more blanks 
were a l w a y s  run before each loaded shock run, and the f i l t e r  f rom the  
l a s t  blank was cu l tu red  and counted exactly l i k e  t h a t  of the preceding 
tes t  organism, The c o l l e c t o r  assembly t h a t  h e l d  t h e  f i l t e r  was autoclaved 
pr ior  to  each microorganism experiment .  
2.3.5 Shock Tests. After t h e  f irst  run (Shdck run 1) i n  which the 
organisms were ae roso l i zed  between two co l lod ion  membranes immediately 
before the  shock  wae i n i t i a t ed ,  the shock tube tests of the  microorganism 
were conducted as fdl lows.  The main diaphragm  and t h e  c o l l o d i o n  membrane 
s e p a r a t i n g  t h e  tube from the dump t ank  were prepared and mounted i n  t h e  
tube. The Dewar s e c t i o n  was autoclaved, a steri le M i l l i p o r e  f i l t e r  
( M i l l i p o r e  F i l t e r  Corp., HAW, O.J&p, 25 m) mounted i n  t h e  c h a n n e l  i n  
t h e  Dewar, and .  the  assembly p laced  immedia t e ly  in  the  dump tank. 'The 
vials  containing the microorganisms were opened i n  a d r y  box and t r a n s -  
f e r r e d   t o  a co l lod ion  membrane which was t r a n s p o r t e d  t c  the  shock  tube  
area i n  a c l e a n  c u l t u r e  d i s h  a n d  mounted in  the  shock  tube .  The tube  was 
immediately evacuated t o  approximately 10'3 Torr. 
The co l lod ion  membranes were checked f o r  ho les  tha t  might  have  
developed during pump down by in t roduc ing  a small p r e s s u r e  of d r y  air 
across  them and n o t i n g  t h e  l e a k  rate. Once it was determined t h a t  t h e  
membranes d id  no t  l eak ,  t he  Dewar was c o o l e d  t o  20°K w i t h  l i q u i d  hydro- 
gen ,  whi le  cont inua l ly  moni tor ing  the  tempera ture  wi th  the  copper  VS. 
2.11 atomic  percent  cobalt-in-gold  thermocouple.   lhen the  thermocouple 
p o t e n t i a l  s t a b i l i z e d  and t h e  Dewar contained l iquid hydrogen,  the tube 
was f i l l e d  t o  t h e  d e s i r e d  p r e s s u r e  w i t h  t h e  d r y  he l ium d r ive r  gas  and 
t h e  d r y  a i r  experimental   gas.  A t  t h i s  p o i n t ,  t h e  shGck was i n i t i a t e d  b y  
r u p t u r i n g  the main  diaphragm by re l eas ing  the  b reake r  need le .  After t h e  
shock,  the tube and dump hank were f i l l e d  with d r y  a i r ,  the Dewar assembly 
removed, and t h e  M i l l i p o r e  f i l t e r  p l a c e d  on t h e  c u l t u r e  medium. 
The co lon ie s  were counted on sections of p l a t e d  f i l t e r  and 
were mul t ip l i ed  by  the  appropr i a t e  number t o  estimate t h e  number of 
co lon ie s  on t h e  e n t i r e  f i l t e r .  The i n t e n t  of r eco rd ing  numbers of 
co lonies  (Table  5 )  was n o t  t o  q u a n t i t a t e  t h e  s u r v i v a l  of t h e  micro-. 
o r g a n i s m s  b u t  r a t h e r  t o  show t h e  r e l a t i v e  numbers of colonies counted. 
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The shock tes t  procedure was very time consuming, particularly 
t h e  p r e p a r a t i o n  o f  t h e  t h i n  membranes, and i n  o r d e r  t o  minimize t h e  
number of shock runs, the  organisms were f i r s t  t e s t e d  u n d e r  t h e  mos.t 
severe c o n d i t i o n s  s p e c i f i e d .  The i n i t i a l  runs were wi th  mixed samples 
of. microorganisms  containing a l l  seven viable organisms. The shock  speed 
was he ld  very c l o s e   t o   t h e  1.56 meters /mi l l i second requi red  to  g i .ve  an 
exposure time of  2.0 mi l l i seconds  and  a temperature  of  12OOOC. Blank 
tests were run between each microorganism t e s t  t o  p r o v i d e  a s t e r i l i z a t i o n  
of  the shock tube assembly. A t o t a l  of 25 runs was performed. 
I n  r u n s  1 through 6 an i n i t i a l  a t t e m p t  was made to  de t e rmine  
t h e  s u r v i v a l  of  t h e  mixed organisms to  the  pre-se lec ted  severe condi t ions .  
Run 1 of thi .s  series was t h e  o n l y  t e s t  i n  w h i c h  t h e  a e r o s o l  i n j e c t o r  was 
used, as t h e  i n j e c t o r  f a i l ed  t o  release a l l  t h e  sample. I n  p l a t i n g  t h i s  
series, runs  1 through 4 were p la t ed  on TGY aga r  on ly ,  w i th  runs  5 and 6 
p l a t e d  on bo th  TGY and  Sabourauds  agar. Runs  2, 4, and 5 of t h i s  ser ies  
were b lank  runs  and runs 1, 3 ,  and 6 were mixed-culture t e s t s  o f  c u l t u r e s  
152, 232, 99 ,  233, 100, 178, and 99. 
I n  r u n s  8, 10, and 12 the  samples  were aga in  mixtures  of a l l  
s even  o rgan i sms .  Fo r  these  runs  and  the  p reced ing  S lanks ,  t he  co l l ec t ion  
f i l ter  was b roken  in to  sec t ions  wh ich  were p l a c e d  s e p a r a t e l y  on t h r e e  
d i f f e r e n t  media: TGY, Sabouraud,   and  anaerobic   agars .   In   this  way, t h e  
appropr i a t e  medium f o r  t h e  g r o w t h  o f  e a c h  o f  t h e  t e s t  organisms was pro- 
vided. All t h e  p l a t e s  were incubated  a t  room t empera tu re ,  t he  TGY and 
Sabouraud p l a t e s  a e r o b i c a l l y  and the  anaerobic  agar  p la tes  anaerobica1l ; r .  
Run l4 was a s t o r a g e  time study of  organism-152.  The c o l l e c t i o n  
f i l t e r  from t h i s  run was b r o k e n  i n t o  f o u r  pieces and s t o r e d  a t  room 
temperature  f o r  about 1, 10, 100, and 1000 minu tes  be fo re  p l a t ing  on  the  
TGY agar. 
Run 1 7  was an a t t e m p t  t o  r y n  a s t o r a g e  time s t u d y  on organism 
232, b u t  t h e  o s c i l l o s c o p e  f a i l e d  t o  t r i g g e r  so t h a t  no measure o f  t h e  
shock speed could be obtained. 
Run  19 was ano the r  t e s t  of t h e  survival  of  organisms 215, 233, 
and 99. The c o l l e c t i o n  f i l t e r  f r o m  t h i s  r u n  was b r o k e n  i n t o  s e c t i o n s  
which were p l a t e d  i n d i v i d u a l l y  on t h e  three a g a r  media. 
Run  2 1  was a tes t  o f  p u r e  c u l t u r e  99 w i t h  t h e  c o l l e c t i o n  f i l t e r  
sample plated on all t h r e e  media. 
Runs 23 and 25 were a t t empt s  t o  o b t a i n  a s t o r a g e  time s tudy  on 
organism 232. I n  run 25 a p o r t i o n  of the microorganism sample was 
checked f o r  v i ab i l i t y  b e f o r e  s u b j e c t i n g  it t o  t h e  s h o c k  wave. The 
c o l l e c t i o n  f i l t e r  samples  obtained from these runs were p l a t e d  on TGY 
agar only.  
3 . 1  Prepa ra t ion  of Microorganisms 
The f i n a l  s e l e c t i o n  of t h e  e i g h t  s p e c i e s  of microorganisms 
(Table 1) included two s u b s t i t u t i o n s  i n  t h e  p r e l i m i n a r y  l i s t .  Nocardia 
a s t e r o i d e s  ( c u l t u r e  No. 226) was s u b s t i t u t e d  f o r  A l t e r n a r i a  b r a s s i c a e  
b e c a u s e  d i f f i c u l t y  was encountered i n  g e t t i n g  good growth of t h e  
Al t e rna r i a  b ra s s i cae ,  and .  S t r ep toqyces  g r i seus  ( cu l tu re  No. 178) was 
subs t i t u t ed  fo r  S t r ep toqyces  the rmoto le rans  because  American-Type Culture  
C o l l e c t o r s  had d i f f i c u l t y  s u p p l y i n g  t h e  d e s i r e d  c u l t u r e .  All t h e  s p e c i e s  
were tested f o r  p u r i t y  and p u r e  s t o c k  c u l t u r e s  were maintained f o r  
subsequent tests. 
P r e l i m i n a r y  t o  t h e  p r e p a r a t i o n  of l a r g e  numbers o f  mixed- 
c u l t u r e  and pu re -cu l tu re  sample  v i a l s  o f  lyophi l ized  microorganisms,  the  
ab i l i t y  o f  e a c h  s p e c i e s  t o  s u r v i v e  l y o p h i l i z a t i o n  from d i s t i l l e d  water 
suspensions was t e s t ed .  Tab le  -2 shows t h e  r e s u l t s  o f  tne p re l imina ry  
lyoph i l i za t ion   expe r imen t s .   The   p re - lyoph i l i za t ion   and   pos t - lyoph i l i za t ion  
counts  recorded are  averages of dupl ica te   counts .  T r i a l  I1 was performed 
i n  t h e  same manner as Tr i a l  I. Al t h e  c u l t u r e s  s a t i s f a c t o r i l y  s u r v i v e d  
the  lyophi l iza t ion  t rea tment  (be tween 10 and 95% s u r v i v a l )  
Large batches of each  o f  t he  spec ie s  were c u l t i v a t e d  and water 
suspensions were made ( s e e  s e c t i o n  2.1.3). Microscopic  examination of 
t h e  w a t e r  s u s p e n s i o n s  p r i o r  t o  l y o p h i l i z a t i o n  showed un i fo rm d i s t r ibd t ion  
of the microorganisms and the spore-forming species showed t h e  fo l lowing  
s p o r e   y i e l d s  : 
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Spec ie s  
Cladosporium 
r e s i n a e  
Aspe rg i l l u s  
n i g e r  
P e n i c i l l i u m  
notatum 
B a c i l l u s  
g l o b i g i i  
S o r r a t i a  
marcescens 
Clos t r id ium 
pasteurianum 
Nocardia 
a s t e r o i d e s  
Streptonlyces 
g r i s e u s  
S u r v i v a l  of Eight  Species of Microorganisms t o  
Lyophi l iza t ion  from D i s t i l l e d  Water 
Cul tu re   P re - lyoph i l i za t ion   Pos t - lyoph i l i za t ion   Pe rcen t  
NO Count ( p e r  ILL)  Count ( p e r  d). survival 
- 
Trial  I 
99 I 15 x 105 I 4 x 105 I 27 
Trial  I1 I 10  x lo5 I 9 x 10s I 50 
~~ ~ - 
100 
Trial r 
34 
55 6 x lo6 11 x 106 
Trial  I1 3 x 10 10 x 106 6 
233 
Trial  I 
T r i a l  I1 
45 0.9 x 107 2 x 107 
40 1.2 x 107 3 x 107 "- - 
152 
~ .~ . .  
Trial  I 
7.3 x 109 Trial  I1 
76 4.3 x 109 5.7 x 109 
93 6.8 x lo9 
"- . " "  
232 
Trial I 
1 x 109 lr. x 109 T r i a l  I1 
16 0.9 x lolo 5.5 x 1o1o 
1 25 
215 
Trial  I 
I 4.1 x lo8 1 91 1 4.5 X 10 8 T r i a l  I1 
95 4 x 10 8 4.2 x 10' 
1 
2 26 
Trial I 20 1 x 103 5 x 108 
T r i a l  I1 
0.7 x 107 7 x 107 'Trial T I  
LO 3.2 x lo8 8 x 10' Trial  I 
0.75 x lo8 2 x 108 1 38 
178 
i 10 
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Cladosporium resinae (No. 99) 88% 
A s p e r g i l l u s  n i g e r  (No. 100) 96% 
Penic i l l ium nota tum (No. 233)  94% 
Bacillus g l o b i g i i  (No. 152)  65% 
Clostridium pasteurianum (No. 215) 50% 
St rep toqyces  griseus (No. 178) 84% 
Lyophil ized pure-cul ture  sample vials  (see sect ion 2.1.4) of 
each  spec ies  were t e s t e d  f o r  v i a b i l i t y  f o l l o w i n g . r o o m  s t o r a g e .  The 
r e s u l t s  of t h e  q u a n t i t a t i o n  of t h e  v i a b i l i t y  of each  spec ies  surv iv ing  
one  day  and  32  days a f te r  l y o p h i l i z a t i o n  are shown i n  T a b l e  3 .  A l l  
l y o p h i l i z e d  s p e c i e s  showed  good s u r v i v a l  (31-84%) t o  room temperature  
s t o r a g e  e x c e p t  N o c a r d i a  a s t e r o i d e s  ( c u l t u r e  No. 226) which survived one 
day but  not  32 days.  Since this  microorganism did not  survive room 
tempera tu re  s to rage  it was n o t  i n c l u d e d  i n  c o n s i d e r a t i o n  when t h e  mixed- 
c u l t u r e  v i a l s  were t e s t e d  i n  t h e  s h o c k  wave experiments. 
3.2 Environmental Tests 
A t ime-temperature curve was used to  determine the immersion 
time requ i r ed  fo r  t he  mic roorgan i sms  to  r each  20'K. S ince  n i t rogen  was 
used as the  coo lan t  i n  these  expe r imen t s ,  t he  t ime- t empera tu re  r e l a t ion -  
s h i p  f o r  l i q u i d  h y d r o g e n  was approximated by ex tend ing  the  cu rve  to  the  
b o i l i n g  p o i n t  o f  l i qu id  hydrogen  ( see  f igu re  7 )  . From t h i s  it was 
determined that  the lyophi l ized-microorganism vials  must be immersed i n  
l i q u i d  hydrogen fo r  s even  minu tes  to  coo l  t he  sample  t o  20°K. 
T A X S  3 
Zf€ect  of ~ G G I Z  Tmgzra tu re  S to rage  cn Lyophilized A3Ure-Culture Sur.2les 
Cultwe ?re-lvcjaki^lization 1 Dav af ter  Lvoohi l izat ion 32 Davs after LvoDhilization 
Clacios.mriun 
r e s i n a e  99 30 
?en ic i l l i um 
nota t im 
sacillus 
globtgii 152 46 x 10' 1.5 x 109 33 1 x 109 21 .o 
S e r r a t i a  
zarcsscons 232 3 x 10 IlO 1 x 109 12.5 9 9 3.2 X 10 
Clos t r id iLT 
p a s t e w i a n m  215 7 x 105 2.1 x 10 30 1 x 30 8 Y Llr. 3 
Nocwdia 
a s t e ro ides  226 6 x lo6 0.7 x 10 ll 5 0 0 
5trepto:nyces 
g r i seus  173 11 x 106 h x 10 6 36 3 x 1G 6 
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Figure 7. Time and Temperature Relationship After Immersion of 
Thermocouple Test-Vial in Liquid Nitrogen 
The l e n g t h  of time required f o r   t h e  sample t o  be warmed r a p i d l y  
o r  s l o w l y  t o  room temperature  was determined i n  t h e  same manner. From 
these  exper iments  it was de termined  tha t  approximate ly  30 seconds were 
r e q u i r e d  f o r  r a p i d  warming and 30 minutes  for  s low warming. 
On t h e  basis of  the  resu l t s  ob ta ined  f rom the  thermocouple  
measurements i n  l i q u i d  n i t r o g e n ,  t h e  p u r e - c u l t u r e  s a m g l e  v i a l s  w e r e  
immersed i n  l i q u i d  hydrogen f o r  1 2  t o  1s minutes ,  thus  main ta in ing  the  
c e l l s  a t  20°K f o r  5 t o  8 minutes .  Dupl ica te  v ia l s  of  each  spec ies  were 
then  bo th  warmed r a p i d l y  and s l o w l y  t o  room temperature.  The v i a l s  were 
opened 6 t o  18 hours l a t e r  and 2 milliliters of s te r i le  d i s t i l l e d  water 
was added t o  each vial. One milliliter of t h e  water suspension was 
withdrawn  and p la te  counts  us ing  the  appropr ia te  media  were made. The 
average of  dupl icate  counts  were recorded.  Table k shows t h e  resul ts  
of th i s   exper iment .  A l l  t h e  t e s t  organisms  except  Culture No. 232 
showed good s u r v i v a l  (20-100%) a f t e r  e x p o s u r e  t o  20°K and e i t h e r  r a p i d  
o r  s l o w  warming t o  room temperature .  Cul ture  232  showed  0.2% s u r v i v a l  
a f te r  slow warming  and 0.012% s u r v i v a l  a f t e r  r a p i d  warming. Although 
t h i s  was a d r a s t i c  r e d u c t i o n  i n  s u r v i v a l ,  a l a r g e  number  of the micro- 
organisms (1.2 x 105) remained viable. 
3.3 Shock Tube Ekperiments 
The r e s u l t s  o f  t h e  s h o c k  t r e a t m e n t  of microorganisms are shown 
i n  Table 5. The c u l t u r e  p l a t e s  were obse rved  pe r iod ica l ly  fo r  t he  
appearance  of  colonies. The times o f  obse rva t ion  va r i ed  somewhat 
depending upon when the organism-impregnated Millipore f i l t e r  was 
cu l tu red ,  However, all were observed daily and  usua l ly  sevei'al times 
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Tota l  exposure i n  liquid hydroEen was 12-15 minutes. The c e l l s  were r r d t a i n e d  a t  20% 
however, fo r  only 5-a minutes. I n  ra2id warming tne vials  were immediateu imqersad in 
a g a l l o n  or' water at 2 P C ,  whereas the slow warming v ia ls  were percut ted to corn t o  25OC 
i n  room air. 
TABLE 5 
Shock T r e a t m n t  of Xicroorganisms 
Zxposure 
Time 
Numbers of Colonies Counted U '  
Run Sanple Shock Speed Te lpe ra tu re  
(nleters /mec)  P C  1 (msec) Organism TGY Sabourauds  Anaerobic 
2 Blank 1. h5 1030 2.1 152 1 
99 1 
5 Blank no record 152 1 0 
6 Nixed Cultures 152 * 5000 0 
99, 10, 233, 152 1.49 1090 2.1 232 * 40 0 
215, 232, 178 233 0 1 
100 0 4 
17 8 0 2 
99 0 1 
7 Blank 1.56 1200 2.0 1.52 0 
TABLE 5 (cont.) 
Shock Speed Temperature k p c s u r e  Numbers of Colonies Counted* 3m Sample 
(meters/msec) (OC) (msec) Cfrganism TGY Sabourauds Anaerobic 
T iine 
8 iilixed Cultures 
99,  100, 233, 152 
215,  232, 178 
1.57 1210 2 .o 
0 
0 
2 
*60 
0 
0 
9 
10 idked  Cultures 
99, 100, 233, 152 no record 
215,  232, 178 
0 
4 
0 
6 
- loo 
0 
0 
0 
ll Blank 1.57 1210 2 .o 152 3 0 0 
12 Xxed  Cultures 232 4 800 0 0 
99,  100, 233, 152 1.56 1200 2.0 152 i/\ 400 0 - 100 
215, 232, 178 17 8 2 4 0 
100 0 8 0 
~~ 
13 Blank 1.56 1197 1 
l4 ?ure Culture 
152 1.56 
Storage Time Study 
w 
0 
T.BLE 5 (cont. ) 
Shock Soeed Temperature Zxposure , Numbers of Colonies Counted* lpUn Smple  (metersLwec) (OS) (msec) Time Organism E Y  Saboeauds Anaerobic 
15 Blmk 1.56 1200  1.98  152 ll 
16 Blank 1.56 1200 1.98  152 11 0 0 
17 Pure Culture 
232 no record 152 6 
15 Blank 1.93 1218 2 0 
1 0 
0 
0 
2.L2 2865 1.24  215 0 0 
233 0 16 
99 40 0 
10 
0 
0 
20 Blank 1.53 1226  1.95 152  1 0 0 
2 1  h e  Culture 
99 
1.56 ll97 1-97 152 
99 
6 3 
0 -100 
0 
0 
22 3lank 1.56 1197 1.97 99 
Elold 
2 0 
0 2 
0 
0 
Shock Specd Texperatwe ZQOSUrCi Wmbers of Colonies Counted" 3m Sanple (rneters/;llsec) (OC) (met) 
Time Crganism TGY Sabwauds iinaerobic 
23 ?ure Culture 232 ( 1  min) o 
232 1.56 1187 1.98 232 (10 min) 0 
Storage Time Study 232 (100 min) 0 
232 (lo00 r i n )  0 
I 
25 ?ure Culture 
232 1. % 1197 1.98 232 ( 1  rmn) 0 
Storage Time S t d y  232 (10 min) 0 
232 (100 min) 0 
232 (1000 min) 0 
daily. I n  no case d id  more than  16 hours elapse between observations.  
T h e s e  o b s e r v a t i o n s  o f  t h e  c u l t u r e  p l a t e s  t o o k  p l a c e  o v e r  a per iod  of  a t  
least  ten days; however, some p l a t e s  were overgrown before ten days. 
B a c i l l u s  g l o b i g i i  was recovered fol lowing all the  runs where 
the sample was a mixed-culture  sample. The number of colonies  counted 
ranged  from 150 t o  an  estimated 5000. T h i s  c u l t u r e  was a l s o  recovered 
i n  a l l  the blank runs except  one.  The  number of colonies  recovered from 
the blank runs,  however,  ranged from 1 t o  11. Run 14 time s t u d y  showed 
t h a t   t h e   r e c o v e r y   o f  - B. g l o b i g i i  a-fter shock exposure was t h e  same af te r  
s to rage  o f  t he  sample f o r  1, 10, 100, and 1000 minutes a t  room temperature.  
Ser ra t ia  marcescens  was a l s o  cons is ten t ly  recovered  f rom t e s t  
runs when mixed-culture  samples were used. The  number  of recovered 
co lonies  of  - S. marcescens ranged from 14 t o  2500. However, when t h i s  
organism was s h o c k  t e s t e d  i n  p u r e  c u l t u r e  i n  runs 23 and 25, the  organism 
was not  recovered. Also, Ser ra t ia   marcescens  was never  recovered 
following the blank runs.  
A s p e r g i l l u s  n i g e r  was r e c o v e r e d  i n  f o u r  o u t  of t h e  six mixed- 
c u l t u r e  r u n s  and t h e  number of  obsemed colonies  ranged from 2 t o  8. 
A. n i g e r  was not recovered from any of the blank runs. - 
Streptoqyces griseus was r e c o v e r e d  i n  t h r e e  o u t  of t he  six runs 
wtth  mixed-culture  samples. The observed  colonies  ranged  from 2 t o  8 i n  
number. S .  g r i s e u s  was not recovered from any of the blank runs.  - 
Cladosporium resinae was recovered  in  only  two out  of  the  six 
runs  where  mixed-culture  samples were used.  Only  one  colony was observed 
in  each  case  of recoveryo One co lony  o f  cu l tu re  was recovered from each 
of two blank runs which followed the mixed-culture runs.  
Penic i l l ium nota tum was recovered only once f r o m  t h e  six runs 
which used mixed-culture samples. Only one colony was observed i n  t h i s  
one recovery. 
Anaerobic  Clcstr idium pasteurianum was t e s t e d   f o r   i n   t h r e e   o u t  
of the s ix  runs  which  used  mixed-culture samples. It was not  recovered  
from any of t h e s e  three runs ,  nor  was it recovered from any of the  b lank  
runs i n  which it was t e s t e d .  
A t  t he  end  of the mixed-cul ture  runs,  good d a t a  on the s u r v i v a l  
of - Cladosporium  resinae,   Penicil l ium  notatum,  and  Clostridium  pasteurianum 
was not  evident.  The l a c k  of conc lus ive  ev idence  fo r  survival of t h e s e  
organisms was be l ieved  to  be  due  to  overgrowth  by the  o the r  o rgan i sms  in  
t h e  mixed  sample. I n  a l l  three of  t h e  runs using  mixed-culture  samples 
f o r  which - C, pasteurianum was tes ted,  60 t o  100 co lon ie s  of t h e   f a c u l t a -  
t ive  ae robe  Bac i l lu s  g lob ig i i  were recovered .   S ince   these   o rganism are 
morphologically ~JETY similar, microscopic examination did not conclusively 
demonstrate  the presence of  2. pasteurianunl.  Penicil l ium notatum and 
Cladosporium resinae were bel ieved t o  be overgrown by o t h e r  faster- 
growing  organismso  Since more conclusive  evidence  of  the survival o f  
t hese   t h ree   o rgan i sms  was des i r ed ,  a mixture   o f   these  three s p e c i e s  was - 
used as the  sample  in  run  19. 
The r e s u l t s  o f  r u n  19 showed t h a t  t h e s e  three organisms survived . 
the  shack t reatment .  Ten co lon ie s  of - C. pasteurianum were observed. 
S ince  the  co lon ie s  o f  t h i s  o rgan i sm coa le sced  in to  a s o l i d  mss of growth 
i n  less t han  48 hours, it is  p o s s i b l e  t h a t  more co lonies  appeared  but  
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were no t  obse rved .  S imi l a r ly ,  t he  16 observed  colonies  of P e n i c i l l i u m  
notatum overgrew the plate  thus masking the presence of o ther  co lonies .  
Approximately 50 c o l o n i e s  of Cladosporium resinae were recovered from 
t h i s  run. 
However, b e f o r e  the Cladospor ium res inae  co lonies  were ev iden t ,  
run 2 1  us ing  a pu re  cu l tu re  o f  t h i s  o rgan i sm was performed. It was 
suspected that  the faster-growing Penici l l ium nota- tm might  overgrow the 
Cladosporium resinae s ince Penicillium no ta tm appea red  f i rs t  or, t h e  
Sabouraud agar plate of run 19. The r e s u l t  of run 2 1  showed the  recovery  
of approximately 100 colonies  of  Cladosporium resinae.  
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4. 
4.1 
DISCUSSION OF RESULTS 
Determinat ion of Survival. 
All seven species of  microorganism tested as a mixed-culture 
sample i n  t h e  s h o c k  e x p e r i m e n t s  were demonst ra ted  to  survive the shock 
wave t r e a t m e n t .  I d e n t i f i c a t i o n  of tho  microorganisms was based upon both 
colony  and  morphological   character is t ics .   In  some cases the   r ecove red  
microorganisms were t r a n s f e r r e d  t o  o t h e r ;  media t o  f a c i l i t a t e  i d e n t i f i c a t i o n .  
Although  numbers of co lonies  were recorded it was not  in tended  
t o  q u a n t i t a t e  s u r v i v a l .  The purpose of  recording  numbers  of  colonies was 
t o  show relat ive numbers, e s p s c i a l l y  when comparing t h e  results of blank 
r u n s  w i t h  sample t e s t  runs. In most cases  where a small number of 
co lon ie s  were o b s e r v e d ,  t h e  number was prcjbably  accurate.  However, on 
occas ion  a faster-growing fungns could have overgrown slower-growing 
organisms. For example,  where t e n  c o l o n i e s  of Clostr idium  pasteurianum 
were o b s e r v e d  i n  a matter of  hours ,  these  co lonies  coa lesced  and o b l i t e r a t e d  
the  appearance  of more c o l o n i e s .  I n  a d d i t i o n ,  w h e r e  t h e  estimate of t h e  
number of co lon ie s  was a l a r g e  number, 50 o r  more co lon ie s ,  a meaningful 
observa t ion  would have t o  have been made a t  t h e  time t h a t  d i s c r e t e  
co lon ie s  were formed  and   before   the   co lonies   coa lesced .  T h i s  d i f f e r e n c e  
i n  time was normal ly  only  a few hours. 
B a c i l l u s  g l o b i g i i  and S3rrati.a rnarcescens were chosen f o r  t h e  
s t o r a g e  time study because  they  apparent ly  survived the  shock  t rea tment  
more c o n s i s t e n t l y  a n d  i n  g r e a t e r  numbers t h a n  t h e  o t h e r  organisms o f  t he  
mixed-culture  sample. 3. g l o b i g i i  s u r v i v e d  morn s to rage   o f  1, 10, 100, 
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and 1000 minutes f o l l o w i n g  t h e  s h o c k  t r e a t m e n t  a n d  p r i o r  t o  p l a c i n g  t h e  
organisms on growth mediums. No d i f f e r e n c e  was observed i n  t h e  numbers 
of colonies which subsequently grew af ter  d i f f e r e n t  s t o r a g e  times. 
Pure Serratia marcescens,  on the other hand, did not survive 
room s t o r a g e  of even  one  minute. When mixed-culture samples were t e s t e d  
f o r  s u r v i v a l  of the shock t reatment ,  a t  least one minute a t  room tempera- 
t u r e  e l a p s e d  b e f o r e  t h e  f i l t e r  paper  could be placed on growth media. 
S ince  Serratia marcescens survived a l l  these  shock  t rea tments  when i n  t h e  
p re sence  o f  t he  o the r  t es t  organisms, but d id  not  survive as a pure- 
cul ture  sample,  it m u s t  be conc luded  tha t  t he  p re sence  o f  t he  o the r  
organisms i n  some way p r o t e c t e d  S. marcescens  f rom the  de le te r ious  e f fec ts  
of t h e  s h o c k  t r e a t m n t .  A por t ion  o f  t he  pu re -cu l tu re  sanp le  of 
- S. marcescens was t e s t e d   f o r   v i a b i l i t y  a t  t h e  time o f   i n t r o d u c t i o n   t o   t h e  
shock  t rea tment ,  thus  e l imina t ing  any ques t ion  about  sample  v iab i l i ty .  
About 10 5 viable  organisms were found by  d i lu t ion  pour  p la te  f rom about  
one ha l f  of the sample introduced into the shock tube. 
- 
The data p resen ted  he re in  shows t h a t  a l l  the microorganisms 
survived  the  shock  t reatment .  Howaver, b e f o r e  t h e  results of cryogenic 
a i r  sampling in  the  uppe r  a tmosphe re  can  be  in t e rp re t ed ,  it is necessary 
t o  q u a n t i t a t i v e l y  d e t e r m i n e  t h e  p e r c e n t  survival of microorganisms under 
such  conditions.   Determination of the  pe rcen t  su rv iva l  be fo re  and a f t e r  
shock i s  necessary  because  it is  i m p o s s i b l e  t o  c o l l e c t  t h e  t o t a l  s a m p l e  
by the   p resent ly-des igned  system. Q u a n t i t a t i v e   i n f o r m a t i o n  becomes 
c r i t i c a l  t o  the s 'uccess  of t h i s  method  of co l lec t ion ,  because  the  expec ted  
l e v e l  of microorganisms of  the upper  s t ra tosphere i s  small and because the 
amount of a i r  t h a t  can be sampled i s  l imi t ed .  
The q u a n t i t a t i v e  d a t a  c a n  be obtained by one of several methods. 
To de te rmine  the  pe rcen t  su rv iva l  of microorganisms introduced into the 
shock tube is  relatively easy. A comparison of numbers  formed by a 
s t a n d a r d  p l a t e  and microscopic count of a sample of microorganisms t o  b e  
introduced would g i v e  t h i s  value. However, to  de t e rmine  pe rcen t  su rv iva l  
after the  shock  t rea tment  i s  n o t  as easy. Some p o s s i b l e  methods f o r  
de te rmining  the  percent  survival after the shock t reat lnent  are: 
(a)  Developing  an accurate method of e lu t ing  the  microorganisms 
which have been impacted on t h e  c o l l e c t i n g  f i l t e r .  
(b)  Impacting  the  microorganisms  into a small amount of   f rozen 
a i r  on t h e  c o l l e c t i n g  s u r f a c e ,  warming t h e  system, and c o l l e c t i n g  the 
microorganisms i n  an impinger  conta in ing  some suspending medium. 
(c)  Impacting  the  microorganisms on a s o l i d  s u r f a c e  s u c h  as 
s t a i n l e s s  s tee l  and then washing off  the surface. 
(d)  Using  radio-labelled  microorganisms. 
L o  2 Shock Wave Ca lcu la t ions  
The temperatures  and c o n t a c t  times i n  t h e  s h o c k  t u b e  were 
ca l cu la t ed  f rom the  idea l  shock  equa t ions  r epor t ed  in  Sec t ion  2.3.2. For  
t h e  case of powdered s o l i d s  i n t r o d u c e d  i n t o  t h e  g a s  stream, t h e  g a s  
v e l o c i t y  w i l l  be s l i g h t l y   l a r g e r   t h a n   t h e  true p a r t i c u l a t e  v e l o c i t y  b e c a u s e  
o f  t h e  i n e r t i a  of t h e  powdered sample. The contact time of t h e  powdered 
sample will t h e r e f o r e  be s l i g h t l y  l a r g e r  t h a n  t h a t  c a l c u l a t e d  f r o m  t h e s e  
equations.  This effect  w i l l  be small f o r  l o n g - p a r t i c l e  t ravel  times4 and 
t h e  c o n t a c t  times r e p o r t e d  h e r e  are the re fo re  based  on the g a s  v e l o c i t i e s  
ca lcu la ted  f rom the  g iven  equat ions .  
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In t roduct ion  of  powdered  samples  in to  the  shock  hea ted  gas  will 
a l s o  result i n  a s l i g h t  r e d u c t i o n  o f  t h e  gas temperature  by abso rp t ion  of 
hea t  by t h e  sample.  This e f fec t  is very d i f f i c a l t  t o  access s i n c e  it will 
be a f u n c t i o n  o f  t h e  amount, c o n s t i t u t i o n ,  a n d  p a r t i c l e  s i z e  o f  t h e  sample. 
The e f fec t  o f  p a r t i c u l a t e  on the  tempera ture  of  the  shocked  gas  in  
re f lec ted  shock  waves has been measured and shown t o  d e c r e a s e  by less than  
10% f rom those  ca lcu la ted  from the  inc ident  shock  ve loc i ty  measuremcnts .  5 
Therefore ,  the  tempera tures  repor ted  here  are a l s o  t h o s e  c a l c u l a t e d  f o r  
t h e  case of a i r  wi th  no  pa r t i cu la t e  p re sen t .  
Both  of t h e  e f fec ts  discussed above, i.e. t h e  i n c r e a s e  o f  t h e  
c o n t a c t  time and the  lower ing  o f  t he  gas  t empera tu re  wi th  the  in t roduc t ion  
o f  p a r t i c u l a t e  i n t o  t h e  s h o c k e d  g a s ,  w i l l  occur  upon passage of  par t iculate  
t h rough  the  shock  f ron t  o f  a s u p e r s o n i c  v e h i c l e  and the magnitude o f  t h e  
effects should  be similar to   those  encountered  here .   The  approximations 
made he re  are t h e r e f o r e  d o u b l y  j u s t i f i e d ,  f irst ly because they are small 
effects and secondly because they will be similar t o  t h o s e  o c c u r r i n g  
during actual  co l l ec t ion  in  the  a tmosphe re .  
4* 3 D e t e r m i n a t i o n   o f   I m r s i o n  Times 
I n  o r d e r  t o  d e t e r m i n e  t h e  v i a b i l i t y  of the microorganisms after 
f r e e z i n g  t o  20°K it was deemed necessa ry  to  de t e rmine  the  immers ion  times 
r e q u i r e d  t o  r e d u c e  t h e  t e m p e r a t u r e  of  t h e  v i a l s  c o n t a i n i n g  t h e  l y o p h i l i z e d  
organisms  to   the   des i red   t empera ture .  It was e s t ima ted   t ha t   dunk ing   t he  
v i a l s  i n t o  t h e  l i q u i d  h y d r o g e n  would c a u s e  t h e  e v o l u t i o n  o f  larger 
quant i t ies  of  hydrogen gas  than could be safely handled i n  t h e  c l o s e d  
f a c i l i t y .  S t u d i e s  of i m r s i o n  times i n  l i q u i d  n i t r o g e n  were t h e r e f o r e  
- 
conducted i n  o r d e r  t o  o b t a i n  an estimate o f  t h i s  t i m e  i n  l i q u i d  hydrogen. 
The experimental ly-determined curve f o r   t h e  rate o f  c o o l i n g  i n  l i q u i d  
n i t rogen  i s  shown i n  F i g u r e  7. The rate-of-cooling curve f o r  l i q u i d  
hydrogen was determined by s h i f t i n g  t h e  e x p o n e n t i a l  c u r v e  t o  c o i n c i d e  w i t h  
t h e  b o i l i n g  p o i n t  o f . l i q u i d  hydrogen.  The  immersion times used i n  t h e  
s t u d i e s  were a p p r e c i a b l y  l o n g e r  t h a n  t h e  times es t imated  f rom th is  curve 
i n   o r d e r   t o  be a b s o l u t e l y  c e r t a i n  t h a t  t h e  vials  had reached  the  des i red  
temperature of 20°K. 
5. CONCLUSION 
The results o b t a i n e d  i n  t h i s  s t u d y  d e f i n i t e l y  e s t a b l i s h e d  t h a t  
t h e  m a j o r i t y  o f  t h e  s e l e c t e d  s p e c i e s  of microorganisms survived the 
cond i t ions  of the  shock  wave and cryogenic  col lect ion.  The only  exception 
was t h e  d o u b t f u l  s u r v i v a l  o f  S e r r a t i a  m a r c e s c e n s  i n  a pu re -cu l tu re  sample. 
Thus, it i s  indica ted  tha t  the  co l lec t ion  of  microorganism could  be  
successful ly  accomplished under  the fol lowing condi t ions:  
( a )  n e a r  vacuum of  the  upper  atmosphere 
(b )  r ap id  hea t ing  by the shock wave of a r o c k e t  v e h i c l e  
(c)  high-speed  impaction on a s o l i d   s u r f a c e  
( d )   r a p i d   c o o l i n g   t o  20°K 
(e) rewarming t o  room tempera ture  and  subsequent  s torage  for  
a per iod of  time 
However, f u r t h e r  s t u d i e s  are n e c e s s a r y  b e f o r e  q u a n t i t a t i v e  data can be 
obtained . 
39 
. .- . .. . .. . "" - . - .  .- . ". I .-.- ".._ I .I".". -.---... ."."... .................. ._.. . ..... . -.. ..-.-. "" ... . .-.- -. . ._ 
I 
1. C. M. P l a t t n e r .  "Super-Cooled  Paddles Used i n  High  Al t i tude  
A i r  Sampler," Aviation Week and Space Technology, January 
- 
11, 1965. 
2. R. G. Jahn, J. Fluid Mechanics I, 457 (1956); I, J. B i l l i n g t o n ,  
J. Aero. Sc i .  23, 997 (1956). 
- -
3. J. N. Bradley,  Shcok Waves in  Chemis t ry  and Physics ,  John 
Wiley and Sons, Inc., New York,.N. Ye, 1962. 
4. G. Rutinger ,  Phys. F l u i d s  - 7, 658 (1964) . 
5. W. H. Parkinson  and E. M. Reeves, Proc. Roy, SOC. ~ 2 8 2  
265  (1964). 
-3 
NASA-Langley, 1965 cR-354 
